To maintain homeostasis, hypothalamic neurons in the arcuate nucleus must dynamically sense and integrate a multitude of peripheral signals. Blood-borne molecules must therefore be able to circumvent the tightly sealed vasculature of the blood-brain barrier to rapidly access their target neurons. However, how information encoded by circulating appetite-modifying hormones is conveyed to central hypothalamic neurons remains largely unexplored. Using in vivo multiphoton microscopy together with fluorescently labeled ligands, we demonstrate that circulating ghrelin, a versatile regulator of energy expenditure and feeding behavior, rapidly binds neurons in the vicinity of fenestrated capillaries, and that the number of labeled cell bodies varies with feeding status. Thus, by virtue of its vascular connections, the hypothalamus is able to directly sense peripheral signals, modifying energy status accordingly.
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hormone diffusion | in vivo imaging | median eminence | metabolism C ontinuous integration of peripheral signals by neurons belonging to the arcuate nucleus of the hypothalamus (ARH) is critical for central regulation of energy balance and neuroendocrine function (1) . To dynamically report alterations to homeostasis and ensure an appropriate neuronal response, blood-borne factors such as hormones must rapidly access the central nervous system (CNS). This is particularly evident in the case of food intake, which is regulated by a plethora of circulating satiety signals (2) whose levels fluctuate in an ultradian manner. Despite this, it remains unclear how key energy status-signaling hormones such as ghrelin can be rapidly sensed by target neurons to alter feeding responses (3) . Elucidation of the mechanisms underlying molecule entry into the brain is important for understanding not only normal maintenance of homeostasis but also how this is perturbed during common pathologies such as obesity and diabetes (4, 5) .
Although molecule transport mechanisms within the ARH are poorly characterized, they likely assume one of two forms. First, chronic feedback may be accomplished by uptake of circulating molecules into the ARH via saturable receptor-mediated transport at the level of the choroid plexus and/or bloodbrain barrier (BBB) (6) (7) (8) (9) . Second, the ARH is morphologically located in close apposition to the median eminence (ME), a circumventricular organ composed of fenestrated capillaries. Because these vessels project toward the ventromedial ARH (vmARH), they could represent a direct vascular input for passive diffusion of peripheral molecules into the hypothalamus (10) (11) (12) (13) . So far, study of the functional importance of fenestrated capillaries in molecule entry into the metabolic brain has been impeded by lack of appropriate tools.
To evaluate the role of fenestrated ME/ARH capillaries in rapid detection of peripheral signals by the hypothalamus, we used a recently developed in vivo imaging approach to visualize in real time the extravasation of fluorescent molecules (14) . Ghrelin was chosen as a candidate hormone because its acute effects upon feeding behavior (15) , together with a short circulating half-life, demand the presence of rapid and precise sensing mechanisms. Although ghrelin's orexigenic effects on hypothalamic feeding centers are well documented (16, 17) , it remains unclear how peripherally secreted hormone accesses this BBB-protected site, as a specialized transport system from the circulation to the brain is yet to be identified (18) . Here, we show that circulating fluorescently labeled ghrelin diffuses through fenestrated capillaries of the ME, which project to the vmARH before rapidly binding nearby neuropeptide Y (NPY)-and proopiomelanocortin (POMC)-expressing neurons, the two functionally opposing neuron populations implicated in regulation of food intake in the ARH. Thus, our data support a role for ARH-residing neurons in eliciting ghrelin's effects on feeding behavior through direct and rapid sensing of circulating ghrelin. Furthermore, we demonstrate that this process is inherently plastic as it can be manipulated in a nutrient-dependent manner by simply using a controlled fasting-refeeding paradigm. As such, hypothalamic neurons are able to monitor peripheral energy balance directly through their vascular inputs, allowing rapid organismal adaptation to prevailing metabolic state.
Results
In Vivo Permeability of Fenestrated Vessels in the Median Eminence.
To access deep structures on the ventral surface of the brain and directly visualize vessels of the ME in vivo, surgical approaches developed for functional imaging of the pituitary (14) were combined with a multiphoton microscope adapted with longworking distance (2 cm) objectives (Fig. 1A) . A coronal view of the ME and the ARH is schematized in Fig. 1A (Left), and a representative image of the median eminence vasculature (ventral view) is shown in Fig. 1A (Right). Fluorescence intensity variations in the ME parenchyma were recorded in vivo following i.v. injection of fluorescent dextrans (Fig. 1B and Movie S1), and a transient increase in fluorescence intensity could be detected in the parenchyma when molecules were able to diffuse through the capillaries (Fig. 1B) . Fluorescence intensity variations over time postinjection in selected regions of interest were measured (Fig. 1B, color bars) , allowing calculation of extravasation rates across fenestrated capillaries for each fluorescent molecule (Fig.  1C) . Molecule size cutoff was below 70 kDa, with a step-like decrease in permeability rate between 20 and 40 kDa (Fig. 1C) (n = 4-16 movies from three to eight animals per molecule).
To investigate the transfer rate of ghrelin (3.3 kDa), a recently developed bioactive fluorescently labeled ghrelin derivative (3.8 kDa), capable of specifically binding and activating growth hormone secretagogue receptor-1a (GHS-R-1a) (19, 20) , was used. The extravasation rate of fluorescent ghrelin across the ME capillary barrier was comparable to that of 4-kDa FITC-conjugated dextran (∼0.8 μm/s) ( Fig. 1C and Movie S2) (n = 8 movies from three animals), suggesting that ghrelin extravasates passively but rapidly (second range) through fenestrated capillary branches of the ME, which are known to project to the vmARH ( Fig. 2A, asterisk) (12, 13) .
Ghrelin Rapidly and Specifically Binds to Neurons in the Vicinity of
Fenestrated Capillaries in the ARH. We assessed rapid peptide binding in the vicinity of fenestrated capillaries projecting deeper within the ARH ( Fig. 2A, asterisk) , by injecting a bolus of bioactive fluorescent ghrelin i.v. before euthanizing animals 5-10 min later. Fluorescent ghrelin binding was localized to cell bodies in both the ME and vmARH, corresponding to hypothalamic HuC/ D-positive neurons (100%; n = 18 slices from three animals) (Fig. 2B ). Intracellular labeling was consistent with rapid internalization of GHS-R-1a bound to fluorescent ghrelin (21) . Supporting a functional role of fenestrated capillaries in fast hormone entry into the ARH was the observation that ghrelinlabeled neurons were located significantly closer to capillary branches, which did not express the BBB marker Glut1 compared with BBB-protected Glut1-positive vessels (26.6 ± 1.6 vs. 100.8 ± 2.9 μm, mean ± SEM, 123-250 neurons per animal, n = 4 animals) ( Fig. 2 C and D) . No ghrelin-labeled cells could be detected under the same conditions in other BBB-protected areas of the brain, such as the CA3 and CA1 regions (n = 3 animals), which densely express GHS-R-1a (22) .
Because expression levels of the immediate-early genes, c-fos, are up-regulated in the ARH following systemic ghrelin administration (17) , the induction of Fos protein was measured in hypothalamic neurons following in vivo treatment with tagged hormone (Fig. 3A) . Two hours after fluorescent ghrelin injection, an increase in c-Fos expression was observed in the ARH, comparable with that obtained following i.v. injection of native rat/ mouse ghrelin and GHS-R-1a agonists JMV4336 and MK-0677 (23, 24) ( Fig. 3 A and B; n = 3 animals per condition). Specificity of fluorescent ghrelin binding was assessed by competition experiments using pretreatment with excess native hormone or GHS-R-1a agonist; complete displacement of fluorescent ghrelin from neurons could be achieved ( Fig. 3C ; n = 3 animals per condition). In addition, i.v. injection of 25 nmol of either fixable 3-kDa rhodamine-labeled dextran or inactive FITC-labeled ghrelin before killing failed to label any cells in the ME/ARH region (n = 3 animals per condition).
Ghrelin Labels Primarily Appetite-Modifying Neurons in a Metabolic
State-Dependent Manner. To determine specificity of fluorescent ghrelin binding in known ghrelin-responsive neuron populations, we used NPY-eGFP transgenic mice (21) and performed immunostaining for β-endorphin, a marker of POMC-neurons (25) (Fig. S1A) . Of the 340 ± 19 (mean ± SEM) ghrelin-labeled neurons detected in the ARH (1,200 μm in length; divided into 24 slices, 50 μm thick) (n = 11 animals, fed on standard chow), 35 ± 4% and 41 ± 3% corresponded to NPY-and β-endorphinexpressing neurons, respectively (n = 4 animals per group) (Fig.  S1B ). Of note, only a small proportion of the total NPY-and β-endorphin-expressing neuron population was labeled (up to 3%, n = 4 animals/group), suggesting that only a subset of neurons was targeted by ghrelin. Finally, we investigated whether feeding status of the animals could alter fluorescent ghrelin binding, by subjecting animals to a controlled fasting-refeeding schedule. A significant increase in numbers of both total and NPY fluorescent ghrelin-positive neurons was detected in 24-h-starved animals, and this could be reversed by refeeding the mice over a 24-h period (Fig. 4) (n = 11 and 4 animals, respectively). By contrast, the number of ghrelinlabeled POMC neurons did not significantly vary (Fig. 4) (n = 4 animals).
Discussion
The regulation of a variety of homeostatic functions depends upon central integration of peripheral feedback signals. Brainperiphery cross talk therefore requires tight control of molecule entry and/or dynamic sensing to adapt responses to physiological state. With obesity and diabetes reaching epidemic proportions, research efforts have focused on understanding how hormones such as ghrelin, insulin, or leptin functionally target appetiteregulating neurons of the hypothalamus. However, the fundamental mechanisms by which peripherally secreted hormones access hypothalamic neurons remain poorly characterized. By using tractable bioactive ghrelin together with in vivo multiphoton imaging techniques, we have uncovered a functional role for fenestrated vessels of the ME/ARH in rapid blood-borne molecule sensing by the metabolic brain. It is anticipated that these findings will not only be valuable for understanding the basic mechanisms underlying appetite regulation but can also be extended to a range of other homeostatic functions that rely on integration of peripheral signals by the CNS.
Fenestrated capillaries of the ME possess pores of 50-80 nm in diameter, encompassed by a permeable diaphragm composed of radial fibrils (26, 27) . Passive molecule diffusion through fenestrae can be both size and charge limited (28) , and it is reasonable to assume that the ME displays similar selectivity. To study passive diffusion of molecules and exclude other potential rate-limited transport mechanisms, it is necessary to follow the time course of events at the blood-brain interface in real time. Using our approaches, we were able to show that relatively small circulating molecules (≤40 kDa in size) could freely and rapidly diffuse through fenestrated capillaries of the ME, a finding with implications for the study of non-receptor-dependent mechanisms of hormone and drug uptake into the CNS. Furthermore, as saturable transporters are modulated by physiological status and pathological conditions (29, 30) , modifications in vessel permeability could constitute yet another level of regulation for molecule diffusion into the metabolic brain.
Because diffusion dynamics for inert sugars may differ from those for bioactive hormones, we investigated the diffusion of functional fluorescently labeled ghrelin, a pleiotropic hormone for which mechanism of entry into the ARH remains elusive (31). Our results demonstrate that ghrelin also crosses fenestrated capillaries in the ME through passive diffusion. Although we cannot exclude a role for additional receptor-mediated transport processes in the ARH, no specific ghrelin uptake mechanisms could be identified in the murine BBB (18) , and the rate of transport of ghrelin across the BBB was much lower when studied by brain perfusion vs. i.v. injection (32) . Although systemic administration of ghrelin has previously been shown to induce hypothalamic c-fos expression (17) , the current studies demonstrate sensing of hormone by ARH neurons over timescales (5 vs. 30 min) that are more compatible with the acute orexigenic effects of ghrelin on food intake (15) . In addition, the close proximity of ghrelin-labeled neurons to fenestrated capillaries projecting from the ME into the ARH supports an important functional role for this vascular route in rapid molecule entry into the metabolic brain. In accordance with previous observations (22) , the absence of labeling in BBB-protected areas distant from circumventricular organs suggests that direct ghrelin effects in other brain regions involved in nonhomeostatic feeding behaviors (33-35) may be mediated through either indirect actions (e.g., via neuronal relays) or slower transport mechanisms. Given that ME/ARH fenestrated capillaries are permissive for molecules as large as 20-40 kDa, it is not unfeasible that other key hormones involved in energy homeostasis such as leptin (16 kDa), insulin (5.8 kDa), or GLP-1 (4.1 kDa) might also use this vascular route to access metabolic-sensing neurons.
Reflecting its role in food intake regulation, fluorescent ghrelin primarily bound appetite-modifying NPY and POMC neurons, and cytoplasmic labeling was consistent with the rapid internalization of a receptor-hormone complex (21) . Although nearly all NPY neurons express GHS-R-1a receptors (36) , and one-third up-regulate c-fos mRNA expression following GHS-R-1a agonist treatment (37), we found that numbers of ghrelin-labeled NPY neurons were relatively small (∼3% of the population). The different treatment timescales, marked species divergence in GHS-R-1a expression (rat vs. mouse) (38) , and detection methods used (in situ hybridization vs. fluorescence) could explain the lower proportion of detected NPY neurons. These numbers were nonetheless within the range of that recently shown to be sufficient to stimulate food intake (∼300 neurons and above) (39) . By contrast, labeling of POMC neurons was more surprising given that ghrelin is generally acknowledged to indirectly target this population via GHS-R-1a-expressing presynaptic NPY neurons (25, 40) . Together with ex vivo studies demonstrating direct effects of ghrelin on POMC neuron electrical activity (25), our results clearly suggest that POMC neurons may be a direct target for ghrelin in vivo.
Feeding status dynamically regulated the number of ghrelinlabeled neurons. Although the number of POMC ghrelin-labeled neurons remained unchanged, as would be expected from a neuronal population that displays minimal activity in the fasted state (41), we observed a reversible increase in the number of NPY ghrelin-labeled neurons following 24-h fasting. These results appear to be consistent with the physiological necessity to secure robust feeding responses following a fasting period, the direct correlation between quantity of ingested food and number of stimulated NPY neurons (39) , the increase in GHS-R mRNA expression in the ARH following short-term fasting (42, 43) , and the regulation by nutritional state of the effects of ghrelin on Fos protein expression in the ARH (17, 44) . The unique vmARH milieu irrigated by fenestrated capillaries may therefore not only provide a niche for neurogenic tanycytes (45) but may also support a population of "scout neurons" that are able to rapidly sense peripheral signals and coordinate more global responses.
In summary, we have demonstrated that (i) circulating hormones such as ghrelin can freely and rapidly diffuse through fenestrated capillaries of the ME and into their site of action within the ventromedial ARH; (ii) hypothalamic neurons may play an important role in eliciting ghrelin's effects on feeding behavior through direct and rapid sensing of circulating ghrelin levels; (iii) the number of labeled NPY neurons is compatible with that recently shown to underlie acute ghrelin effects on food intake (39); and (iv) feeding status modifies the capacity of NPY neurons to bind ghrelin. The use of in vivo imaging in combination with the development of fluorescently labeled ligands that retain biological activity could therefore help unveil access routes and in vivo neuronal targets not only for endogenous molecules but also for novel appetite-modifying drugs intended for weight management.
Materials and Methods
A brief outline is provided; for full details, see SI Materials and Methods.
Mice and in Vivo Surgery. C57BL/6 mice were purchased from Janvier-SAS. NPY-eGFP mice (46) on a C57BL/6 background were sourced from The Jackson Laboratory. In all experiments, 7-to 15-wk-old male mice were used. All animal studies complied with the animal welfare guidelines of the European Community and were approved by the Direction of Veterinary Departments of Hérault and Nord, France (59-350134), and the Languedoc Roussillon Institutional Animal Care and Use Committees (CE-LR-0818). The ME was exposed using a surgery approach previously described for in vivo studies of the pituitary gland (14) .
Long-Working Distance Multiphoton Imaging of Fluorescent Molecule Extravasation in Vivo.
Imaging of fluorescent molecule extravasation in the ME's parenchyma in vivo was performed using a multiphoton microscope (Zeiss 7MP) adapted with a long-working distance objective M Plan Apo NIR 20×, 0.4 NA, 2.0-cm WD (Mitutoyo). Fluorescently labeled molecules were injected through an indwelling jugular catheter. Recordings in areas rich in tortuous vessels at the level of the ME and at a depth between 15 and 40 μm below the meninges, were started at the time of injection. Details of extravasation rates calculation are provided in SI Materials and Methods.
Fluorescent Hormones Synthesis and Binding in Vivo. Both bioactive and inactive fluorescent ghrelin derivatives were developed by Cisbio Bioassays in collaboration with the Institut des Biomolécules Max Mousseron (Montpellier, France) (19) . Active fluorescent ghrelin (25 nmol per animal) was injected i.v. into the tail vein or into the jugular vein under ketamine/xylazine anesthesia, and animals were killed 5-10 min postinjection, to assess in vivo binding. To test the influence of metabolic state on ghrelin binding, active fluorescent ghrelin (25 nmol) was injected in either wild-type or NPYeGFP mice (46) fed on standard chow (RM3; Special Diet Services), after 24 h of fasting, or after 24 h of fasting followed by a 24-h refeeding period, and animals were killed 5-10 min postinjection.
Confocal Imaging. Terminally anesthetized mice were perfused via the heart with 10 mL of PBS followed by 30 mL of 4% paraformaldehyde solution. In some experiments, vessels were labeled using rhodamine-labeled lectin (400 μg per mouse; Vector Laboratories) diluted in the perfusate (PBS). Brains were collected and prepared for confocal imaging. Details are provided in SI Materials and Methods.
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